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EXPERIMENTAL STUDY OF THE EFFECT OF SPAN LOADING ON AIRCRAFT WAKES 

Victor R, Corslglia,* Vernon J. Rossow.t and Donald L. Ciffonc^ 

Ames Research Center, NASA, Moffett Field, California 94035 


Abstract 

Measurements were made in the NASA-Amcs 40- by 
80-Foot Wind Tunnel of the rolling moment induced on a fol- 
lowing model in the wukc 13.6 spans behind a subsonic transport 
model for n variety of trailing edge flap settings of the generator. 
It was found that the rolling moment on the following model was 
reduced substantially, compared to the conventional landing con- 
figuration, by reshaping the span loading on the generating model 
to approximate a span loading, found in earlier studies, which 
resulted in reduced wake velocities, Tills was accomplished by 
retracting the outboard trailing edge flaps, It was concluded, 
based on flow visualization conducted in the wind tunnel ns well 
os in a water tow facility, that this flap arrangement redistributes 
the vorticity shed by the wing along the span to form three 
vortex pairs that interact to disperse the wake. 

Nomenclature 
/R = aspect ratio, b s /S 
b = span of wing 

c = wing chord 

c = average chord, S/b 

C/ = rolling-moment coefficient, torque/Q pU^Sb) 

C L = lift-coefficient, llft/(' pVjSj 

S = wing urea 

t - time 

U M = free-stream velocity (aligned with x axis) 

x,y = coordinate axes; x is streamwise and y isspanwisc 

a — angle of attack 

P = circulation 

p - air density 

Subscripts 

f “ following model that encounters wake 

g = model that generates wake 


Introduction 

The trend toward higher air traffic density at airports 
coupled with the widening range in aircraft size increases the 
hazard to small aircraft that might encounter a large aircraft’s 
trailing wake vortices. One form of the hazard is an overpowering 
rolling moment on the encountering aircraft. The Department of 
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Transportation is studying means for locating these vortices in 
order to veetor aircraft away fiom the vortex wake and to estab- 
lish safe operating distances. The NASA effort has concentrated 
on the study of possible ways to reduce the rolling moment on 
an encountering aircraft to a controllable level, Initial investiga- 
tions have been directed at finding possible ways to accomplish 
this by changing the generating aircraft configuration only 
slightly in w|iat would be considered a retrofit modification. As a 
part of this study, the investigation reported herein considers a 
variety of fiap configurations on a typical subsonic jet transport 
In an attempt to determine whether the vortex wake is signifi- 
cantly modified by the span loading changes that are possible 
with tiie existing flap system. Ollier methods fo' alleviating the 
vortex wake intensity, sucli as turbulence injec'ton into tltevor- 
tex 1 ’ 5 ' 3 and initiation of vortex instabilities by oscillating the 
wing geometry , 4,! are not reported here. 

The application of span load modification to the present 
configuration was stimulated and guided by recent theoretical 
studies 6 •' T that predict a significant reduction of the velocities in 
the wake by a redistribution of the spanwise loading on the 
generating wing. These results were confirmed in a later experi- 
mental study of the wake of a swept wing in a water low facil- 
ity.® In the present experiments, the span loadings produced by 
independently changing the deflection of the trailing edge flaps 
can be considered as approximations to the span loadings that 
were found, theoretically, to yield large vortex cores and inter- 
actions between multiple vortices. The subsonic transport model 
used in the present tests to generate the vortices Is representative 
of a 1)747 airplane. As the lift on this generating model was 
varied by changing the angle of attack, the rolling moment on 
several following aircraft models was measured at several vertical 
and lateral locations in the wake. The technique used here is 
similar to that of Wentz. 9 Singh, 10 Uanta, 1 1 Iversen, 15 and 
Dunhum, 13 The work of Dunham (carried out concurrently) 
uses identical generator and follower models. Dunham’s rolling- 
moment experiments differ, however, in Hint his models are 
towed through water, and his results extend to greater down- 
stream distances. 

Apparatus and Test Procedure 
Wind-Tunnel Setup 

A schematic diagram of the experimental setup is shown in 
Fig. 1 with the generator model at the forward end of the test 
section and following model at the exit of the test section of 
the NASA-Amcs Research Center 40- by 80-Foot Wind Tunnel. 
Thu generator model is centrally located in the inlet and is 
attached by a single strut through a strainguge balance to measure 
lift. The angle of attack of the generator was set remotely 
through an actuator and indicator. Downstream of the generator 
model 24.4 m (80 ft), a follower model was mounted on a single 
strut that could be remotely positioned vertically over a 3.05 m 
(10 ft) range and laterally over a 4.27 m (14 ft) range. Additional 
geometric details of the follower models are given in Table 1 . The 
follower model was attached to its strut through a strain-gage 
balance to measure rolling moment. Full-scale range for the 
balance was such that adequate sensitivity would be provided for 
the rolling moment encountered on each model (see Table 1). 
The following model was constructed of balsa wood to ensure a 
high-frequency response, and, as a result, the natural frequency 
of t.nc model balance combination (31 Hz, model 1) was several 
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Fig 1 Experimental setup In the NASA Ames 40- by 80-Foot 
Wind Tunnel. 


Table I Model Dimensions and Wind-Tunnel Conditions 


Model dimensions 

Following model 1 2 

Span, cm (in.) 87.4 (34.4) 33.3(13.1) 

Chord, cm (in.) 9.8 (3,9) 6.1 (2,4) 

Aspect ratio 8.9 5.5 

Wing section NACA0012 NACA0012 

Fuselage diameter, cm (in.) 5.1 (2,0) 5.1 (2,0) 

Balance full-scale range, 

N-m(in.-lb) 11.3(100) 3.4(30) 


Generator model 
Wing 

Span, cm (in.) 

Root incidence 
Tip incidence 
Area, m 1 (ft s ) 

Average chord, cm (in,) 
Aspect ratio 
Horizontal stabilizer 

; Wind-tunnel conditions 
m/s (ft/scc) 

Reynolds number based on 
average chord 


179 (70.5) 

+ 2 ° 

- 2 ° 

0.459 (4.94) 
25.6(10.1) 

7 

0 ° 

40(131) 

7X10* 


times larger than rolling moment frequencies encountered. The 
subsonic transport model (Fig. 2) that war ■ ned as the wake 
vortex generator was equipped with two swwfee tvments of 
tripie-slotted trailing edge flaps, capable si >';ovijWiu high lift. 
Full-span leading edge slats were installed setert trailing edge 
flaps were deflected. 

Rolling-Moment Measurement 

The procedure for recording the rolling moment consisted 
of setting the generator model and wind-tunnel conditions and 
selecting a lateral and vertical, position for the following model. 
The time-varying rolling-moment signal was recorded on a light- 
beam strip-chart recorder. Sufficient length of record was taken 
to obtain the highest or peak rollinp moment for that location 
(usually about 1 min). The procedure was then repeated at suc- 
cessive lateral and vertical positions of the aft model in abrmt 



Fig, 2 Geometric details of the subsonic transport model (dimen- 
sions in cm). 

10 cm (4 in.) Increments to determine the maximum value of 
rolling moment for each condition. Figure 3 shows a typical 
record of rolling-moment variation with time. The source of the 
unsteadiness of (lie rolling moment signals is the meander of the 
vortices in the wind tunnel due to wind tunnel turbulence. 
Earlier studies have shown 3 that single vortices can move about 
as much as 1 m (3.3 ft). The peak roiling moment values shown 
on Fig. 3 arc interpreted us corresponding to the times when the 
following model is aligned with a vortex center, During ttic 
38 sec of data shown, the peak rolling moment was repeated 
three times. 



Fig. 3 Typical record of rolling moment induced on following 
model 1 as a function of time; generator flaps: 

Ldg/Lag. 

The generator model was tested in both the upright and 
inverted positions to evaluate strut interference effects. It was 
found that for the conventional configurations, where the vor- 
tices arc shed primarily from the wing tip region, that no strut 
interference could be found. However, for the configurations 
with the span loading shifted inboard, in which vortices arc shed 
inboard of the wing tip, an inverted mounting of the generator 
model was required to avoid interference caused by the wake of 
the model mounting strut, Figure 1 shows the generator model in 
this inverted position. 

Flow Visualization 


Wind Tunnel. The form and motion of the vortices in the 
woke or several configurations of the subsonic transport model 
were studied by the use of smoke (i.e., a vaporized oil mist) 
inserted into the stream by a rake (not shown in Fig. 1) located 
just ahead of the generator model. Oil was pressure fed to the 
rake and vaporized electrically before being expelled into the 
stream through a number of small tubes in the trailing edge of 
the rake. Since the rake also had a span of about 1.8 m (5.9 ft), 
the smoke flowed over tile entire wing, thereby marking the 
wake, A light slit that produced a sheet of light normal to the 
wake was used at several downstream stations to observe the 
structure of the vortices. The rake and its supports were removed 
before rolling moment measurements were made. 
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Water Tow Facility, How visualization studies were also 
conducted by underwater towing of an identical model scaled to 
a 0,61 m (2 ft) span, litis facility (located at the University of 
California's Richmond Field Station) allows flow visualization to 
greater downstream distances than arc possible in the wind 
tunnel. The water tank dimensions are 1,8 X 2.4 in (6 X 8 ft) and 
is 61 m (200 ' .ong. Tow velocities of up to 2 nt/scc (6,6 ft/sec) 
were used, Dye was emitted at the wing tips us well as the 
inboard and outboard edges of the trailing edge Daps, and the 
light slit upparatus was again used to identify the wake structure. 

Discussion of Results 


The span loadings produced by vj*ri''us flap settings of the 
generator were llrsi computed using a vortex lattice method for 
the wing and flaps, including the effects of camber and twist, but 
without fuselage or tail. The predicted effect of various flap com- 
binations on span loading is shown In Fig. 4. It is noted that the 
conventional flaps 0° and take-off configurations have approxi- 
mately elliptical span loading and hence would be expected to 
shed a single vortex from each wing tip. 6 With the conventional 
landing configuration, some additional sharp gradients in loading 
ure evident at the flap edges, from which discrete vortices might 
originate. However, with one flap retracted (Fig. 4(b)], these 
gradients arc more pronounced and throe vortices from each wing 
would be expected, l,e„ one from each flap edge und one from 
the wing tip. 




(b) Modified configuration. 


Fig. 4 Ivc iictcd span loadings on the subsonic transport model 
for several flap settings, 

Next, the variation of the lift coefficient with angle of 
attack was measured (Fig. S). The reduction in lift curve slope 
for all configurations above a = 8° corresponds to the onset of 


flow separation on the wing-tip region which was observed with 
the aid of tufts 



id/ 'Ldg 

Ldg/0‘ 

0*/Ldg 
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Fig. 5 Measured lift coefficient on tlte subsonic transport model 
as a function of angle of attack for various flap settings 


Rolling-Moment Measurements 

The rolling moments imposed on both following models for 
various configurations of the generator are picscnlcd in Figs, 6 
and 7 as a function of the lift coefficient on the subsonic trans 
port model. For the conventional flap configurations, the rolling 
moment on the following model increases nearly linearly with 
C Lg up to the beginning of stall on the generator. Tills result is 

expected because the shape of the span load distribution is nearly 
independent of lift over the range of Cl^ tested, and only tlte 
magnitude changes with angle of attack. Since the vortex struc- 
ture depends directly on the span loading, 6 only the total vortex 
strength changes with CL g , thereby yielding a nearly linear rela- 
tionship between and C/j.. It is also interesting to observe in 
Fig. 6 that the various curves for the conventional configurations 
lie on approximately the same line. Tills implies that there is no 
major change in the vortex structure when one conventional ilup 
configuration is changed to another. An unconventional flap 
deflection that did not yield a reduction In rolling moment also 
appears in Fig. 6. For these data, the inboard flap was retracted 
and the outboard flap was left deflected to the landing setting 
(labeled 0°/Ldg). Below CL g = 1.0 these data also lie on the same 
line os the conventional configurations. The change in slope of the 
C/j. curve above Cl ~ 1.0 is again associated with wing-tip stall 



Fig. 6 Variation of peak rolling moment coefficient on following 
mode! 1 as a function of lift coefficient on the subsonic 
transport model for the conventional and outboard-loaded 
configurations, bf/bg “ 0.5. 
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I i|i 7 Filed of inboard loading on the variation ol peak rolling 
moment coefficient cn the following model as a function 
of lift coefficient on the subsonic transport model 


tor These aircraft have the same span relative I i the ITM7 as the 
smaller of the following models in the present paper The pilot- 
of the probe a' retail reported that, from 4 ft to 8 0 km <J to 
5 mil behind, the trailing vortices, which were marked by smoke 
appeared far mo*e concentrat'd and well defined for the 
Ldg/Ldg configurat.on as compared to Idgil' Furthermore, 
as a result of flying in the wake at various ranges, they identified 
a qualitative separation requirement which was much greater 
for the Ldg/Ldg configuration than for the Ldg/0" configura- 
tion An additional result (which had not been investigated 
hi the ground-based facilities) was obtained in the flight test 
It was found that, when either the landing gear of the gener 
ator was deployed or the ;encratoi was flown with yaw. a sub- 
stantial part of the benefit of retracting the outboard flap was 
lost An explanation for the effect of gear and yaw on the wake 
structure is now being studied 

Flow Visualization 

Flow visualization studies were conducted in the wind 
tunnel and in the water tow facility to gain a better under- 
standing cf the wake structure The wake of the conventional 
flap configuration (Ldg/Ldgl was first studied as u basis for com- 
parison Figure 8(a) shows a photograph taken a h spans down 
stream This wake showed a classical arrangement consisting of 
two concentrated vortex cores connected by a feeding sheet The 
accumulation of smoke at the plane of symmetry is caused by 
the fuselage wake and the vortices from the inboard edge of the 
inboard flaps Visualization was conducted over the range from 0 
to 13 spans in the wind tunnel and to approximately 40 spans in 
the water tow facility however the photograph appearing on 
Fig 8(a) is typical of the entire wake aft of about one span At 
closer range a vortex pair of opposing sign is visible leaving the 
region between the inboard and outboard flap on each side of the 
wing but this pair has merged into the vortex sheet within one 
span Similarly, two vortices of like sign were seen leaving the tip 
region, one at the flap edge and one closer to the tip These 
vortices quickly meige into one within about 1/2 span to form 
the two intense cores appearing in Fig 81a) 


on the generator The reason that this outboard loaded configura- 
tion was ineffective in reducing C/^ is probably due to the close 
proximity of the wing-tip vortex of the flap outboard vortex 
These vortices can merge with little dispersion, leaving an intense 
combined vortex 

The Ldg/0° § configuration, in contrast, produced a sub- 
stantial reduction in the rolling moment on the smaller following 
model (Fig 7(a)) and a modest reduction on the larger following 
model (Fig 7(b)). Dunham's data, 1 1 taken at 14 spans, is seen to 
be in agreement with the present measurements for the Ldg/Ldg 
configuration but not for the Ldg/0° configuration. However, at 
30 spans downstream and beyond, he shows a reduction in C/j. 

that is SOT of the Ldg/Ldg configuration The difference 
between the two results is believed to be associated with test con- 
ditions (near the generator) which lead to variations i.i the time 
required for the wake to disperse 

Flight Test Res ults 

The wind-tunnel results are also in qualitative agreement 
with recent flight test results 14 conducted by NASA as a con- 
sequence of these ground based expements The flight experi- 
ments were made with a full-scale B747 airplane which could be 
down with the flap configurations discussed here Both a Lear )ef 
and a T37 aircraft were used to probe the vortices of the genera- 

§ Pus notation means inboard flap set to the landing setting 
and the outboard flap set to 0* 


Next, the outboard flap was retracted ( l.dg 0" ) The result- 
ing wake was clearly different from the first configuration 
studied | Fig Hi b )| Three vortices per side were evident Pie one 
that was most intense and well defined originated at the flap 
outboard edge The two weaker vortices left the wing tip and llap 
inboard edge, respectively The pattern rotated as it moved 



(a) Generator flaps Ldg/l.dg 

Fig 8 Light slit photographs of smoke traces in the wind tunnel 
with an interpretive sketch of the wake at 
Pod * 1 2 m/s (39 ft/s) and 4 r ' 
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downstream. with the lip vortex pawing over tile flap vortex vo 
that, by 13 spans downstream, it had rotated to a pillion 
between the flap vortices In this same interval, the flap inbo«rd 
vortices moved under the flap outboard vortices Tins inboard 
vortex was initially diffuse and then diffused further with down- 
stream distance to the extent that, by 13 spans it* presence was 
barely detectable 

The Hap vortex and the lip vortex ultimately merged This 
merging was clearly seen in the water low facility but was 
beyond the available viewing length in the wind tunnel Figure 9 
shows photographs taken in the water tow facility at the same 
downstream stations that were used in the wind tunnel as well as 
at a downstream distance of 32 spans The agreement of the 
vortex relative positions between the wind tunnel and the water 
tow facility at comparable downstream distance is excellent 
Beyond x 'b„ : 13, the wing-tip vortices were seen to continue to 
rotate an additional 9(f around the flap vortices before merging 
with the flap vortices to become a large, diffuse rotating mass of 
dye, as can be wen in the photograph at x/bg -32 


I lied ol landing I >car 

1 e effect of the landing gear that wa detected in 'he flight 
tests was investigated both in the water tow facility and in the 
wind tunnel In the wind tunnel, no effect could be detreted 
either in the flow visualization or the rolling moment measure- 
ments In the water tow facility, no effect **•. delected closer 
than approximately 30 spans At gieater distal* • s however, with 
the landing gear deployed and with the I dg tl‘ configuration, the 
vortex pair ' as seen to slowly reform into an identifiable core 
region With the landing gear retracted, no such reformation 
occurred Further research is required to perform measurements 
of rolling moment or velocity at downstream distances in the 
range of 2$ to $0 spans to adequately explain the landing gear 
effect A conjecture is that the axial flow velocity dele. I in .he 
landing gear wakr causes a radial inflow that transports vortuity 
hack to the vortex center 

Rolling Moment Prediction 

Procedure Prediction of the rolling moment on a following 
wing is a difficult task, especially when the generating wing is 
shedding multiple vortices that are undergoing a merging or a 
parii.il merging prior to encounter with the follower A complete 
theoretical analysis must combine a vortex lattice theory io pre 
did the initial vorticitv distribution in the wake with a calcula 
lion of the wake rollup and dilfusion The method used to cal- u- 
late rolling moment in the presort paper is a combination ol 
those described by Rossow Fhal is. the stricture of the 

vortex wake and the rolling moment were cMnnaled by com- 
pleting the following steps 

I Calculate the span loading on the generating wing from 
vortex lattice theory 

2. Calculate the vortuity distribution at the wing trailing 
edge by assuming a flat wake at x/bg 0 

3 Approximate this vortuity distribution by an array of 
poinl vortices and compute the wake rollup to x/b- 1 3. using an 
inviscid time-dependent, two-dimensional calculation 


The details of the merging process are not fully understood 
at the present time. However, as can be seen from the photo 
graphs, merging appears to greatly accelerate the dispersion of 
vorticity. It was generally observed, for example, that a single 
vortex pair in isolation, as found with the Fdgl-dg flap config- 
uration. persisted as an organized vortex with a small core until 
the vortex interacted with the walls of the facility (about 40 span 
lengths downstream). In contrast, it was found that a wake 
wc.uld disperse rapidly if III multiple vortex pairs were shed with 
initially large spacing, and fill the self-induced velocities con- 
vccted these vortices into close proximity to one another As 
shown on Fig 9, the wing-lip and flap vortices are convccted into 
close proximity between x hg I 5 and x/hg - 13 Next the vor- 
tuity of the weak vortex (tipi is convcctcd into an annulus 
around the slrong vortex I flap I This convection is sketched 
schematically on Fig 10 Here the vortical region of the weak 
vortex is taken to be circular at time zero In the time increments 
shown, the region is distorted due to the velocity field of the 
stror.g cortex In an example where the two vortices arc of com- 
parable strength, the elongation of the core region occurs in both 
vortices Furthermore, the clongaicd core will result in additional 
distortion due to self-induced velocities The pairing of vortices 
of like sign has been studied by Winant and Browand 1 ’ in con- 
nection with the instability of a shear layer They found thal in 
the third stage of mixing layer growth, vortex pairs interacted by 
rolling around one another to form a single vortex in a manner 
that is similar to the interactions seen in the present studies 


4 At x/bg “ 3. group point vortices to yield a radial dts 
tnbution of circulation about each vortex center 


$ Finally, calculate the rolling moment on the following 
wing using strip theory for each of the vortex groups 

Die equations of Ref 7 jrc adequate to account for the 
inviscid merging phenomenon sketched in Fig 10 Unfor- 
tunately. the method is limited by numerical instabilities and by 
the accumulation of numerical errors v> thal the calculations 
were usually terminated at x bg = 3. which is short of Ihe lull 
downstream distance of interest These calculations were ade- 
quate. however, for estimating the circulation distribution about 
each of the vortex centers that were identified in the flow visuali 
ration The vortices were then assumed to remain isolated and to 
proceed without diffusion Th- expression for the rolling 
moment coefficient from strip theory used in step 5 is 1 * 


C, 





III 


flu- Ci term in Fq ( 1 1 is a sanation of the expression given by 
Jones 1 ' Maskewfe reasoned that a wing centered in a vortex 

SB Maskew Hawker Siddeley Aviation ltd ipresently NR( 
Associate at Ames Research Center I. private communication 
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Fig. 9. Light slit photographs of dye traces in the water tow facility, generator llaps Ldg 0 . cy = . 

11,,,,= I m/scc (3.3 ft/sec). 
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Fig. 10 Id allzcd convective merging of a weak vortex with a 
strong one. 

would experience an antisymmetric spun loading and, therefore, 
the appropriate Interpretation of the Jones expression Is to use 
half the geometric aspect ratio. Me coniirmed this interpretation 
by comparison with vortex lattice theory, 'Die resulting expres- 
sion for Ci^ is 


C La «2*/R f /(/V f +<$) (2) 




(d) bf/bg^O.S, flaps: Ldg/0®. 
Fig, 1 1 Concluded. 


Comparison of Results. The foregoing steps am' equations 
were used to calculate the rolling moment on the two following 
wings for a range of angle of attack of the generating wing when 
its flaps were deflected to the Ldg/Ldg and the Ldg/0° configura- 
tions, respectively. The curves shown in Figs 1 !(a) and 11(b) for 
the Ldg/Ldg case arc the computed rolling-moment coefficient 
when the centerline of the following wing coincides with the 
centroid of vorticlty. Tire theoretical curves are In good agree- 
ment with the experimental data. Since tills configuration 
involves one vortex per side, the calculated vorticlty distribution 
approaching the follower involves the least approximation to the 
real flow, which probably accounts for the good agreement. For 
the Ldg/0° configuration, two cases were considered [Figs, 11(c) 
and 11(d)] . Both the wing-lip vortex and the flap outboard-edge 
vortex were considered In isolation. The experimental data for 
the larger follower are closest to the theoretical estimate, based 
on the flap vortex alone, whereas the data for the smaller follow- 
ing model arc closest to the estimate, based on a wlng-tlp vortex 



(a) bf/bg = 0,2, flaps: Ldg/Ldg. 



Fig. 1 1 Predicted rolling moment coefficient compared with 
present measurements. 


penetration, Apparently, as a result of the merging of the flap 
inboard and flap outboard vortices or as a result of viscous 
effects, the actual circulation distributions are related to the 
spans of the followers as sketched on Fig. 12. That is, the flap 
vortex has greater core size and lower circulation than was 
obtained using the above theoretical method, which did not 
account for merging or viscous effects. As shown, the area under 
the circulation distribution, and therefore C/„ would be larger 
for the wing-tip vortex if the semispan of the follower were 
small. With the larger follower, the flap vortex yields the larger 
C/p For the curves sketched in Fig. 12, a following wing with 
semispan equal to y c experiences the same rolling moment in 
cither vortex. 



v 


Fig. 12 Sketch of idealized circulation distribution. For 
bf/2 < y c , wing tip vortex yields greater C/p. For 

bf/2 > y c , flap outboard vortex yields greater C/p. 

As noted in the flow visualization, the wing-lip and flap 
vortices merged at a downstream distance greater than 13.6 
spans. Therefore, a prediction of C/p at the greater downstream 
distances would have to account for this merger. The predicted 
C/f for the fully merged case would be expected to be substan- 
tially below that for the conventional configuration at the same 
lift coefficient of the generator. Tills can be illustrated by the 
computation presented In the next subsection. 

Merging of Two Vortices. Consider the two idealized span 
loadings sketched in Fig. 13(a). For the modified configuration, 
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the wing-tip and dap vortices arc assumed to merge Into the 
single circular vortex core with uniformly distributed vortlclty 
(l.c., itanklnc vortex). The circulation and core diameter of this 
merged vortex can be obtained from the vortex invariants attrib- 
uted to Betz and discussed by Rossow,® The rolling-moment 
coefficient on the follower in the wuke of this merged vortex, as 
well as in the wake of the single vortex of tile conventional 
configuration, can be computed with the aid of Erp (1 } for a 
given lift coefficient on the generator. Tills result Is shown on 
Fig, 13(b) as a function of the spacing between the two vortices 
or the modified configuration. As shown, for vorlex spacing i.t 
excess of 0,3 of the semispan, the reduction in the rolling- 
moment coefficient behind the modified configuration, as com- 
pared with the conventional configuration, is substantial. The 
values of 2D/b g of interest are those sufficiently small that 
merger occurs within a useful downstream distance. If 2D/b g is 
too large, the flap vortex will move away from the wing-tip vor- 
tex under the influence of the flap vortex from the oilier side of 
the wing, thereby delaying or eliminating a merger. 




(b) Rolling moment ratio. 


Fig. 13 Idealized example of the effect of the merging of two 
vortices into a single Ranktne vortex on the rolling 
moment coefficient on a follower ns compared to a 
single vortex wake at the same lift and span. bf/b g a 1.2. 

The above examples illustrate that the measured reduction 
in rolling moment on a follower can be substantially accounted 
for on the basis of inviscid effects alone. Viscous diffusion of the 
trailing vortex will further reduce the rolling moment on the 
follower. The actual relative contribution of viscous and inviscid 
effects is not known. 

Conclusions 

Previous studies of the effect of span loading on wake 
vortex structure indicated that dispersion of the lift-generated 
vorticity could be accelerated by modifying (he conventional 
spanwise loadings. The present investigation showed that one of 
the modifications obtainable with trading-edge flaps on a model 
of a subsonic transport was effective in dispersing the wake vor- 
tlcity so that wings that encounter its wake would experience 
reduced rolling moments, This configuration was obtained by 
deflecting only the inboard flaps so that three vortex pairs were 
shed by the wing. Flow visualization indicated that these vortices 
ultimately merged into one large, i\\“ise vortex by 32 spans 


downstream of the generator. Hie merging mechanism discussed 
here suggests that the reduction in rolling moment is attributable 
to the merger of multiple vortices that arc initially separated 
from one another by a sizable fraction of the semispan of the 
generator. 
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